Abstract. Deformable image registration (DIR) is a critical technic in adaptive radiotherapy (ART) to propagate contours between planning computerized tomography (CT) images and treatment CT/Cone-beam CT (CBCT) image to account for organ deformation for treatment re-planning. To validate the ability and accuracy of DIR algorithms in organ at risk (OAR) contours mapping, seven intensity-based DIR strategies are tested on the planning CT and weekly CBCT images from six Head & Neck cancer patients who underwent a 6 ∼ 7 weeks intensity-modulated radiation therapy (IMRT). Three similarity metrics, i.e. the Dice similarity coefficient (DSC), the percentage error (PE) and the Hausdorff distance (HD), are employed to measure the agreement between the propagated contours and the physician delineated ground truths. It is found that the performance of all the evaluated DIR algorithms declines as the treatment proceeds. No statistically significant performance difference is observed between different DIR algorithms (p > 0.05), except for the double force demons (DFD) which yields the worst result in terms of DSC and PE. For the metric HD, all the DIR algorithms behaved unsatisfactorily with no statistically significant performance difference (p = 0.273). These findings suggested that special care should be taken when utilizing the intensitybased DIR algorithms involved in this study to deform OAR contours between CT and CBCT, especially for those organs with low contrast.
Introduction
The intensity-modulated radiation therapy (IMRT) plays a critical role in the management of head and neck (H & N) cancer patients [1] . IMRT can maximize tumor coverage and sparing of organs at risk (OARs) by generating steep dose gradient, and thus leads to a potential increase in the therapeutic outcome [2] . However, it does not take into account of fractional anatomical changes, such as tumor shrinkage, nodal/glandular volume, weight loss and geometric variations, etc., during a typical 5 ∼ 7 week treatment course [3] . The adaptive radiation therapy (ART) [4] is a possible solution to overcome these limitations by adapting temporal changes in anatomy with daily imaging in the radiotherapy process [5] .
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In a typical online ART process, a cone-beam computed tomography (CBCT) scan is usually performed to obtain three-dimensional patient information prior to treatment. Then, deformable image registration (DIR) technique is utilized to establish the point-point correspondence between the planning computed tomography (CT) and the CBCT. The resulting deformation vector field (DVF) can be used for (1) propagating contoured region of interest (ROI) from one image to another [6] and (2) deformation of the re-planned dose maps to integrate the accumulated dose given to the patient [7] .
Effective and reliable ART relies upon accurate DIR-propagated ROIs, and thus it is necessary to verify the accuracy of the available DIR algorithms for use in a clinical setting. There is a variety of studies assessing the quality of CT-CT DIR algorithms in H & N cancer patients, for instance, Castadot et al. [8] compared twelve voxel-based DIR strategies in ROI propagation performance using expert physician drawn contours as benchmarks. Hardcastle et al. [9] investigated the clinical utility of two DIR algorithms for ROIs propagation using CT image data from five institutions. They reported good anatomical agreements for OARs, but claimed that the propagated target structures need to be thoroughly reviewed before clinically use. Mohamed et al. [10] developed a quality assurance workflow for quantitative assessment of four different DIR technics used for H & N radiation therapy-simulation CT with diagnostic CT coregistration. There are scarcer studies, however, focused on the CT-CBCT DIR algorithm comparison with H & N patient data. Though a number of CT-CBCT DIR methods for different clinical sites have been developed [11] [12] [13] [14] , it is acknowledged that some DIR algorithms may be more suitable for specific anatomies and image modalities due to the mathematical basis of the algorithms [15] . In this sense, it is beneficial to assess the clinical acceptability of the available DIR algorithms to reduce the time and resources required for contour reviewing and correction in the CBCT-based ART process [9] .
The aim of this study is to develop a strict and objective methodology to compare different DIR strategies for the purpose of contour propagation from the planning CT to the treatment CBCT of H & N cancer patient in the adaptive radiotherapy setting.
Materials and methods
Clinical data
Clinical data from six nasopharyngeal cancer (NPC) patients were retrospectively collected for DIR performance evaluations in this study. The characteristics of all patients were listed in Table 1 . All patients were treated by IMRT with weekly CBCT for setup error correction. Patient immobilization during the acquisition of planning CT (named pCT) and CBCT was achieved by a customized thermoplastic mask. All the pCT images in the treatment position were reconstructed with a voxel size of 1.60 × 1.60 × 5 mm 3 . Weekly kilovoltage CBCT with a resolution of 0.51 × 0.51 × 1.99 mm 3 was acquired just before the treatment delivery. Rigid registration is performed before applying the DIR, and the transversal size for all the pCT and CBCT images were 512 × 512. A total number of six pCT images and thirty-one CBCT images were involved in this study.
Regions of interest delineation
Two organs at risk (OARs), i.e. the parotid glands (PG) and the submandibular glands (SMG), on both the pCT and weekly CBCT were manually delineated by the same radiation oncologist on a commercial treatment planning system (Eclipse 10.0, Varian), to validate the agreement between the deformed and reference OARs. We consider the left and right part of the PGs and SMGs as individual organs in organ were not used in this study mainly because it is challenging to identify the contrast-lack CTVs/GTVs on the CBCT images, and inaccurate organ delineations will potentially bias the results. Therefore, we focus our attentions on the above two OARs, which have been studied extensively and are the first priority for radiation complication control since they might shrink and deform evidently inward to the higher dose region during the H&N radiation therapy.
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Data preprocessing
All the CT and CBCT images were pre-processed before performing the registration. The treatment table and thermoplastic mask were removed using the free, open source software 3D Slicer (version 4.3.1, http://www.slicer.org) [16] , leaving purely the patient volume in the image. For each patient, the fractional weekly CBCT images are regarded as the reference images and the pCT image is rigidly registered to each CBCT image via the 3D slicer. The resolution of the transformed pCT is resampled to the size of the weekly CBCT images after rigid registration. To reduce computational time and to save memory, all the pCT and CBCT images were down-sampled to 256 × 256 to feed DIR after rigid registration.
DIR algorithms
Seven intensity-based DIR algorithms implemented in an open source toolkit, i.e. the DIRART [17] , were tested. These DIR algorithms includes four optical flow based methods: the Original Horn and Schunck (HSO), the Horn and Schunck with Issam's non-linear smoothness (HS_INLS), the combined Horn-Schunck and Lucas-Kanade (HSLK) and the iterative optical flow (IOF); one level-set based method: the original level set motion (OLSM); one demons based method: the double force demons (DFD), and one iterative method: the free form deformation (FFD).
Similarity metrics
The DIR output includes a deformed pCT image and the corresponding DVFs that define the point-topoint mapping between voxels in the moving and the reference image. The resulting DVFs are used to propagate the OAR contours on the pCT to the weekly CBCT coordinates, and quantitatively compared with those manually delineated ground truth OARs on the weekly CBCT.
To quantitatively evaluate the agreement between the deformed OARs and the reference ones, three similarity metrics were used: Dice similarity coefficient (DSC), percentage error (PE) and Hausdorff distance (HD). Given the ground truth reference region A and the deformed region B, and their corresponding boundary point sets A = {a 1 , . . . , a p } and B = {b 1 , . . . , b q }, the DSC is defined as: DSC = 
2(A B)/(A + B)
, which ranges from 0 to 1, corresponding to the worst and the best segmentation, respectively. The PE is defined as: P E = (A B −A B)/(A), with 0 representing the best segmentation. The HD is defined as: HD = max(h ( A, B), h( B, A) ), where h( A, B) = max a∈ A min b∈ B ||a− b|| and || · || is the L 2 norm on the points of A and B.
Data analysis
Descriptive statistics was carried to characterize the volumetric changes of different OARs and variances in the weekly performance of each DIR algorithms over the 6-week treatment course. Independent Samples Kruskal-Wallis (K-W) test was performed to compare the DIR accuracy between different DIR algorithms. All statistical analyses were implemented with the SPSS 19.0 software (spss Inc., Chicago, IL), and the statistical significance was set at p = 0.05.
Results
Volume changes of OARs
Volume decreases were found in both the PGs and SMGs (data not shown). At the end of the treatment, mean volume reductions of the lPG and rPG were 11.15 ± 8.40 cc and 8.03 ± 6.55 cc, corresponding to a reduction of 29.66 ± 19.04% and 22.89 ± 18.21% related to the initial volumes on the pCT, respectively. The mean volume decrease rate of the lPG was 1.65 ± 1.17 (4.45 ± 2.77%) per week, which is slightly higher than that of the rPG (1.48 ± 0.96 cc per week, 4.04 ± 2.63% per week).
As for the SMGs, the lSMGs and rSMGs decreased by 10.88 ± 14.45% (1.16 ± 1.3 cc) and 13.87 ± 27.16% (1.54 ± 1.85 cc) , respectively, when compared with their initial planning volumes. In terms of the volume decrease rate, similar finding was observed: the lSMGs is greater than the rSMGs, with a decrease rate of 4.03 ± 4.83% versus 3.55 ± 4.13%. Fig. 2 . Boxplots of the weekly DSC, PE and HD by different DIR algorithms. The limits of each box represent the 25th and 75th percentages, the whisker represents the minimum and maximum, and the bold black line represents the median value, and the circles represent outliers. Figure 1 showed an example (patient 1) of OARs propagation results by the seven evaluated DIR algorithms in the fourth week. And the weekly medians and inter-quartile ranges (IQRs) of the DSC, PE and HD for each DIR algorithm are showed in Fig. 2 . We have the following observations: 1) the DFD performs worst among all methods over the treatment. However, the DFD is the most robust one since it has the shortest IQRs; 2) at the early stage of the treatment (Week 0 and 1), the rigid registration outperforms all the other DIR algorithms, and the HSLK performed best with median DSC = 0.867 and PE = 0.266. 3) at the middle stage of treatment (Weeks 2, 3 and 4), both the rigid registration and all the DIR algorithms deteriorate, indicated by decreasing DSC and increasing PE. The OLSM and DFD performed even worse than the rigid registration in week 3. However, the DIR algorithms seem to be more robust than the rigid registration, proven by smaller IQRs. 4) at the end of treatment (Weeks 5 and 6), all the evaluated algorithms tended to be stable, and no evident discrepancy of DSC and PE was observed. 5) as for the HD, the time trend was similar to that of the other two metrics. Figure 3 showed the comparison among all the algorithms. Compared with RR, no significant difference in DIR performance was found between different DIR algorithms across the entire treatment course except for DFD. The DFD performs significantly worse (mean ± std, median; DSC: 0.705 ± However, the difference between any two of those DIR algorithms was minor and negligible (p > 0.05). Again, the DSC of DFD was significantly lower than that of other DIRs (p < 0.01 for all). Interestingly, the PE of DFD was significantly higher than that of only two DIRs, i.e. the HSLK (p < 0.01) and the OLSM (p = 0.023). The IQR of DSC, which measures the consistency in DIR performance, for the DFD, HSO, HS_INLS, HSLK, IOF, OSLM and FFD were 0.143, 0.167, 0.167, 0.163, 0.160, 0.178
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and 0.165, respectively. And similar situation occurs in the IQR of PE. The DFD and the OSLM score the lowest and highest IQR values, indicating the most and least robustness among all the evaluated approaches.
For similarity metric HD, DFD (7.630 ± 2.871) was apparently inferior to other DIRs, ranging from 7.019 ± 3.297 (RR) to 7.133 ± 3.007 (HSO and HS_INLS). However, no statistically significant difference was found among all the DIR methods (p = 0.273).
Discussion and conclusion
The purpose of this study was to develop a strict and objective methodology to compare different DIR strategies with their ability to propagate OAR contours between CT and CBCT image. Various intensitybased DIR algorithms, including HSO, HS_INLS, HSLK, IOF, OLSM, DFD and FFD were extensively validated employing planning CT and weekly CBCT images that retrospectively acquired from six NPC patients.
As for the volume change of OARs over the treatment course, we observed that the volume of lPG, rPG, lSMG and rSMG decrease by 29.66%, 22.89%, 10.88% and 13.87% at the end of the treatment, and the corresponding decrease rates per week are 4.45%, 4.04%, 4.03% and 3.55%, respectively. These results were in accordance with those reported in previous literature . For instance, Barker Jr et al. [3] found that the median PGs volume loss was 28.1% and the median volume loss rate was 0.6% per day. Using weekly CT, Robar et al. [18] showed that the mean volume of lPG and rPG decreased by 4.4% and 5.0% per week during a 6-week treatment course. Han et al. [19] and Lee et al. [20] observed a mean and median relative PGs loss rate of 1.1% and 0.7% per treatment day based on used daily megavoltage CT. Jin et al. [21] discovered that the left and right part of the PGs underwent a mean volume reduction of 4.4% and 4.7% per week based on weekly CBCT of ten NPC patients treated with IMRT, and the result was in agreement with the findings in Robar et al. [18] and ours. All these researches suggested that the OARs have considerable anatomical changes over the treatment course in H & N patients. One interesting finding in this study is that the evaluated DIR algorithms did not outperform the rigid registration, which is different from published results that obtained from CT-CT DIR. For instance, Castadot et al. [8] compared twelve intensity-based DIR algorithms using CT images of five H & N cancer patient and discovered that all the DIR strategies were significantly better than rigid registration based on the DSC metric. This conclusion was supported by the study of Rigaud et al. [22] . Interestingly, the demons based DIR algorithms scores the highest DSC in Castadot's and Rigaud's studies (DSC = 0.86 and 0.91, respectively), in contrast, the demons based DFD algorithm performs worst in our study (DSC = 0.71). This significant discrepancy may be caused by different image quality between CT and CBCT. As pointed out by previous research [11] , the image quality of a CBCT was inferior to that of the CT due to different image reconstruction algorithms, scatter artifacts, motion artifacts, etc. However, the results revealed in this study (mean DSC ranging from 7.05 to 7.65) are comparable with other studies on CT-CBCT DIR. For example, Huger et al. [23] reported a mean DSC of 7.0 for SMG on ten H & N patients based on a block matching DIR algorithm. With the similar DIR strategy, Veiga et al. [24] obtained a mean DSC of 0.79 for normal tissues. The similarity metric PE exhibits similar properties as the DSC. In addition, the IQR of each DIR algorithm was smaller than that of the rigid registration, indicating that DIR was a more robust in registration performance. As for HD, neither rigid registration nor DIR methods yield satisfactory performance.
In this study, we comprehensively compared the ability of OAR contour propagation by different DIR strategies in the context of CT-CBCT DIR for H & N cancer patients. No significant difference was S754
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observed between rigid registration and the evaluated DIR algorithms except for DFD, which per formed worst. These results suggested that special care should be taken when utilizing the intensity-based DIR algorithms involved in this study to deform OAR contours between CT and CBCT, especially for those organs with low contrast.
